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ABSTRACT: Phase separation of all-conjugated donor—
acceptor block copolymers is more difficult to achieve
compared to classical coil—coil systems owing the intrinsic
similarity of the two blocks having both rigid conjugated
backbones and alkyl side chains and their generally low
degrees of polymerization. Here we demonstrate that side
chain fluorination of a poly(carbazole-alt-dithienylbenzothia-
diazole) segment (SF-PCDTBT), to be used as electron
acceptor block in combination with poly(3-hexylthiophene)
P3HT as donor block in all-conjugated donor—acceptor block
copolymers of type SE-PCDTBT-b-P3HT, strongly increases
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dissimilarity between P3HT and SF-PCDTBT leading to phase separation for already moderate molar masses. Key to the
successful synthesis of a new TBT-monomer with semifluorinated side chains is a direct arylation step that elegantly bypasses
classical cross-coupling reactions in which the semifluorinated side chain causes low yields. Suzuki polycondensation of the
semifluorinated TBT monomer with a suitable carbazole comonomer and in situ termination by P3HT-Br is optimized
extensively with respect to the yield of the end-capping efficiency and molar mass control of the PCDTBT segment. When the
fluorinated side chains are replaced by hydrogen (H-PCDTBT) or by n-hexyl chains (hex-PCDTBT), the tendency for phase
separation with covalently connected P3HT is much reduced as shown by differential scanning calorimetry and grazing incidence
small-angle scattering measurements on thin films. Favorably, of all the block copolymers made only SE-PCDTBT-b-P3HT is
microphase separated, exhibits face-on orientation of P3HT domains, and additionally displays surface segregation of the SF-
PCDTBT segment at the polymer/air interface. All of these properties are beneficial for single layer single component solar cells.
SE-PCDTBT-b-P3HT exhibits the best solar cells performance with a high open-circuit voltage of 1.1 V and a power conversion
efficiency of ~1% which largely outperforms devices based on the analogous H-PCDTBT-b-P3HT and hex-PCDTBT-b-P3HT.

B INTRODUCTION

Conjugated polymers have attracted considerable attention
within the last two decades due to their feasible integration into
lightweight, flexible, and transparent electronic devices such as
organic field-effect transistors (OFETs), organic light-emitting
diodes (OLEDs), and organic photovoltaic cells (OPVs), owing
to their good charge carrier mobilities, bright and tunable light
emission, and broad absorption in the visible range of the
electromagnetic spectrum.' ™ A major advantage compared to
inorganic semiconductors is the processability of organic
semiconductors from solution enabling lower manufacturing
costs and high throughput device fabrication via multiple
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printing techniques. To date, various p-type polymers are
known while the majority of high performance OPV devices
utilize soluble fullerene derivatives as n-type material in the
active layer.” A notable and—for light harvesting devices—
important drawback of fullerenes is the weak light absorption in
the visible and near IR regions. An alternative that bypasses the
poor contribution of fullerenes to the photocurrent is the
implementation of n-type polymers. Potential advantages
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Scheme 1. Synthesis Routes to the Semifluoroalkylated Monomer SF-TBT (10)“
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“Reagents and conditions: (a) But-3-enylmagnesium bromide, 1 mol % Ni(dppp)Cl,, THF, room temperature, 24 h, 89%; (b) I-C,Fq, 15 mol %
AIBN, 3 d, 70 °C, 68%; (c) NaBH,, DMSO, 4 h, 80 °C, 93%; (d) NCS, CHCl,/acetic acid, SO °C, 20 h, 91%; (e) LiTMP, THF, —78 °C, S h,
'PrOBpin, room temperature, 10 h, 14%; (f) NBS, THF, room temperature, 20 h, 88%; (g) Br,BT, PivOH, K,CO;, Pd(OAc),, PCy;, DMAc, 75°C, 3
d, 86%; (h) Br,BT, Pd,(dba),, SPhos, Aliquat 336, tol/2 M K,COs, 80 °C, 3 h, 4W, 78%; (i) Br,BT, PivOH, K,CO,, Pd(OAc),, PCy,, DMAG, 65°C,
6d, 32%; (j) KO'Bu, PrOH, PEPPSI-Pr, 30 h, room temperature, 82%; (k) NBS, THF, room temperature, 20 h, 92%.

offered by this approach are a more efficient, ideally
complementary light absorption of both components and a
relatively high open-circuit voltage which is not limited by the
energy levels of fullerenes. Yet more important to efficient
operation of polymer solar cells is a nanoscale active layer
morphology with stable and bicontinuous transport pathways
for both electrons and holes. The morphology of all-polymer
blends relies on their demixing behavior during spin-casting,
whereby the common strategy is the empirical correlation of
kinetically trapped structures with performance.””"" In
polymer—polymer blends, empirically optimized morphologies
are realized through processing and postprocessing treatments
such as casting solvent,">"® additives,”**"* thermal annealing,16
and solvent vapor swelling.'’

Block copolymers (BCPs) self-assemble into well-ordered
and thermodynamically stable nanostructures with domain sizes
commensurate to the exciton diffusion length,ls’w and hence
have been considered ideal for OPV applications.”*™**
Nevertheless, due to synthetic challenges only a limited
number of fully conjugated donor—acceptor BCPs have been
reported.””~** To achieve efficient charge separation, reduce
recombination and enable charge transport, bicontinuous
interpenetrating donor—acceptor networks having sharp
interfaces are key for photovoltaic applications. However, for
all-conjugated block copolymers where both donor and
acceptor blocks are conjugated and in many cases equipped
with hydrocarbon side chains, sufficient dissimilarity between
the two segments might not readily be given. In such a case,
microphase separation can be induced driven by crystallization
or additionally by side chain engineering to increase the Flory—
Huggins interaction parameter.””*® While in all-polythiophene
block copolymers different side chains have been shown to lead
to phase separation, this approach is much less explored for
donor—acceptor all-conjugated block copolymers.” Alterna-
tively, one segment can be changed from a main-chain block to
side-chain pendants, however in this instance transport might
be intrinsically limited by hopping events between pendants.®
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An efficient approach to increase incompatibility of block
copolymer segments is the introduction of fluorinated units.
Indeed, nonconjugated block copolymers show drastically
increased y values with increasing fluorination.”” Along the
same lines, polythiophenes with alternating alkyl and semi-
fluoroalkyl side chains form structures with alternating alkyl and
semifluoroalkyl layers.”® These results suggest that side chain
fluorination of one of the segments in all-conjugated donor—
acceptor block copolymers is a promising strategy to realize
microphase separated nanostructures for already low degrees of
polymerization usually present in conjugated polymers. Here,
we report the synthesis, characterization and photovoltaic
performance of the first all-conjugated donor—acceptor block
copolymers having a semifluorinated (SF) PCDTBT-based
acceptor block and a P3HT donor block. Compared to the
alkylated and nonsubstituted PCDTBT analogues, P3HT is
able to crystallize quantitatively in SF-PCDTBT-b-P3HT, a
result which is perfectly in line with the highest photovoltaic
performance among the three, thus confirming our approach of
using fluorinated alkyl chains in all-conjugated donor—acceptor
block copolymers to increase dissimilarity of the two
conjugated blocks and finally to enable thermodynamically
stable bicontinuous morphologies suitable for both charge
separation and charge transport.

B RESULTS AND DISCUSSION

PCDTBT is commonly used as p-type material in combination
with fullerenes; however, when combined with P3HT, it acts as
acceptor forming a type II heterojunction.”” The LUMO—
LUMO and HOMO—-HOMO level offsets are 0.9 and 0.6 eV,
respectively, providing sufficient driving force for charge
separation.”*” In addition, PCDTBT exhibits excellent
chemical and photostability.”" Recently, we found that all-
conjugated block copolymers of type FSTBT-b-P3HT did not
microphase separate for the molecular weights and composi-
tions investigated, and we rationalized that the similarity in
chemical structure between the two segments was the
underlying reason.”® On the basis of these results, we
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Scheme 2. Copolymer and Block Copolymer Synthesis”
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“Reaction conditions: (i) 8 equiv of Cs,CO;, Pd(PPh;),, THF, 80 °C, 3 d; (ii) 4—17.5 mol % P3HT-Br, 8 equiv of Cs,CO;, Pd(PPh;),, THF, 80

°C, 3 d.

redesigned an all-conjugated block copolymer structure by (i)
replacing the hexyl side chains of the thiophene rings in FSTBT
by semifluorinated alkyl side chains and by (ii) replacing the
fluorene unit by carbazole. The latter substitution was chosen
on the basis that blends of P3HT and PCDTBT showed
slightly enhanced performance compared to F8TBT/P3HT.®
While P3HT is no longer the most efficient donor material for
OPYV, its unsurpassed virtue lies in its easy availability, molar
mass control and end group functionalization.”””* In our
study, the TBT unit of the PCDTBT block is equipped with
either n-hexyl (hex-PCDTBT) or semifluorinated (SF-
PCDTBT) side chains or is unsubstituted (H-PCDTBT).
Generally, the substituent on the TBT unit greatly enhance
solubility and thus facilitates analysis, however as mentioned
the incorporation of hexyl side chains leads to greater similarity
with P3HT. Thus, semifluorinated alkyl side chains on the TBT
unit increase both solubility as well as dissimilarity with P3HT.
To maintain electronic structure of PCDTBT, an alkyl chain
segment must be introduced between the backbone and the
perfluorinated alkyl segment, leading to a semifluorinated alkyl
side chain structure. Initially synthesized TBT monomers with
ethylene alkyl spacer-based semifluorinated side chains were
unstable. Thus, a butylene spacer was placed between the
thiophene ring and the perfluorobutyl segment resulting in the
new monomer structure SE-TBT (10) (Scheme 1).
Monomer Synthesis. The semifluoroalkylated thiophene
building block 4 was synthesized starting from 3-bromothio-
phene (1) in three steps in 56% overall yield according to
Collard et al.*’ (Scheme 1). Subsequent borylation of 4 to form
S turned out to be a great challenge. First, 4 is less reactive than
nonfluorinated analogue 3-alkylthiophenes (3AT). Reaction
conditions converting 3AT to the monoborylated product in
90% yield* gave 16% yield of 5 only. Second, bulky bases, such
as lithiumdiisopropylamid (LDA) or lithium tetramethylpiper-
idide (LiTMP), also significantly deprotonate the sterically
more hindered 2-position of the thiophene ring resulting in
regioisomers. Third and most importantly, the gamma-protons
of the perfluorinated side chain exhibit substantial acidity.
Hence, the elimination of the perfluorocarbon segment and
recovery of 2 was found to be a considerable side reaction.
Increasing the reaction temperature enhances the reaction rate,
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but favors elimination over borylation. Alternative borylation
reactions, such as iridium-catalyzed direct C—H-activated
borylation following literature procedures did not furnish 5.*’
A solution to this issue was found in the direct C—H-arylation
(DA) reaction of monochlorinated thiophene 7 thus elegantly
bypassing the borylation step. 7 was prepared from 4 by
chlorination with NCS in 91% yield. The chlorine substituent
blocks the 2-position but itself is not reactive under appropriate
direct arylation conditions at moderate temperature, thus
avoiding oligomerization and the formation of regioisomers.*’
Additionally, the 2-chloro substituent activates the 5-position of
7 for DA compared to 4.”' DA reaction of 7 with 4,7-dibromo-
2,1,3-benzothiadiazole (Br,BT) resulted in the dichlorinated
compound 8 in 86% yield™® 8 can directly be used as
monomer, however Suzuki polycondensation conditions of 8
with 9-(heptadecan-9-y1)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)-9H-carbazole (Cbz(Bpin),) could be optimized
to moderate molar masses of M,, = 10 kg/mol only. Hence, 8
was dechlorinated catalytically with a N-heterocyclic carbene-
palladium complex, PEPPSI-Pr, as catalyst, potassium tert-
butanolate as base and 2-propanol as reducing agent to give 9
in 82% yield”> Upon dibromination with NBS the final
monomer SF-TBT (10) formed in 92% yield. A shortcut to SF-
TBT is the bromination of 4 followed by a DA. 4 was
brominated with NBS in THF to give 6 in 88% yield. The DA
of 6 with Br,BT was done under the same conditions but at
lower temperature than 7. However, the yield of SF-TBT
obtained by this route was 32% only due to the possibility of
oligo- and polymerization of 6 arising from the higher reactivity
of the C—Br bond in 6 compared to the C—Cl bond in 7.
(Block) Copolymer Synthesis. Suzuki polycondensation
(SPC) is a simple, versatile and straightforward method to
synthesize conjugated donor—acceptor copolymers from two
symmetric monomers with complementary functionalities, i.e.
an aryl dibromide and an aryl with two boronic acid or ester
groups. Monomer purity, a precise 1:1-stoichiometry of the
monomers and minimized side reactions are required to obtain
defect-free, high molecular weight (MW) polymer samples.”>>
A recently published protocol to prepare PCDTBT and its
hexyl-analogue, hereinafter referred to as hex-PCDTBT, with
high MW from the dichlorinated TBT monomer could not
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Table 1. Reaction Conditions Used for BCP Syntheses”

entry BCP-type catalyst (Pd:L 1:2)
1 hex-BCP Pd,(dba),/PPh, 5
2 hex- BCP Pd,(dba),/XPHOS 5
3 hex-BCP Pd,(dba);/SPHOS S
4 hex-BCP Pd,(dba);/brettPHOS S
S hex-BCP Pd,(dba);/PCy; S
6 hex-BCP Pd(dppf)Cl, S
7 hex-BCP Pd(PPh,), 5
8 hex-BCP Pd(PPh,), 7.5
9 hex-BCP Pd(PPh,), 10
10 hex-BCP Pd(PPh,), 12.5
11 hex-BCP Pd(PPh,), 15
12 hex-BCP Pd(PPhy), 17.5
13 hex-BCP Pd(PPh,), 7.5
14 hex-BCP Pd(PPh,), 7.5
15 hex-BCP Pd(PPh,), 8
16 H-BCP Pd(PPh,), 5
17 SE-BCP Pd(PPhy), 8
18 SE-BCP Pd(PPh,), 7.5
19 SE-BCP Pd(PPh,), 5
20 SE-BCP Pd(PPh,), 65
21 SE-BCP Pd(PPh,), 5
2 SE-BCP Pd(PPh,), 4

mol % P3HT-Br’

base/solvent b M, (kg/mol) wt % P3HT?
K,CO,/tol 151 18.0 -
K,CO/tol 1.64 164 -
K,CO,/tol 172 226 -
K,CO4/ tol 1.60 19.3 -
K,CO,/ tol 144 112 -
K,CO;/ tol 2.29 32.6 -
K,CO;/ tol 1.78 26.4 20
K,CO;/ tol 2.51 22.2 32
K,CO;/ tol 1.85 21.7 39
K,CO,/ tol 1.87 194 46
K,COs/ tol 197 189 56
K,CO;/ tol 1.94 17.3 72
CsF/THF 1.80 29.8 -
Cs,CO,;/THF 2.08 32.5 42
Cs,CO;/THE 2.11 21.6 48
K,CO,/tol 172 238 36
CsF/THF 1.54 26.0 46
Cs,CO4/THF 168 266 83
CsF/THF 1.68 292 29
Cs,CO;/THE 2.17 29.3 43
Cs,CO;/THF 1.82 329 38
Cs,CO;/THE 1.76 35.8 34

“In all cases a P3HT-Br macroinitiator with M, 14.0 kg/mol, P 1.07 was used. ®In mol % with respect to 100% Cbz(Bpin),. “Values calculated from
SEC detected at 254 nm. “Values calculated from 'H NMR backbone signal intensities.

successfully be applied to SF-TBT 8 as only oligomers were
obtained.”> Solvent variations and mixtures with fluorinated
aromatic solvents, such as trifluorobenzene or 1,4-bis-
(trifluoromethyl)benzene, did not lead to number-average
molecular Yveights M, > 10 kg/mol. Applying SPC standard
procedures’”*>*® to make PCDTBT-based structures with the
semifuoroalkylated and dibrominated monomer SE-TBT
resulted in copolymers with enhanced but still moderate M,
< 15 kg/mol. The usage of a 1:1-mixture of toluene and 14-
bis(trifluoromethyl)benzene as solvent, 2 M K,COj aqueous
base and Pd(PPh,), as catalyst increased the MW to M,= 28
kg/mol, and changing the biphasic system to pure THF in
combination with CsF further raised M, to 31 kg/mol with a
dispersity D = 1.9S. Upon exchanging the base to Cs,CO;, SF-
PCDTBT with a satisfying M, = 38 kg/mol and D = 1.52 was
obtained. SF-PCDTBT exhibits excellent solubility in chloro-
form or THF at room temperature (Scheme 2, reaction i.

In order to couple monobrominated P3HT-Br to SF-
PCDTBT, two methods were tested in which P3HT-Br was
either added in the beginning or at late stage of the Suzuki
polycondensation.””*® The latter method was unsuccessful and
led to a high content of unreacted P3HT-Br and debrominated
P3HT-H. To avoid extensive optimization including the
identification of end groups with time, we followed the second
approach, in which P3HT-Br was added as end-capper to the
initial equimolar mixture of SE-TBT and Cbz(Bpin), already in
the beginning (Scheme 2, reaction (ii). In this instance, it is
possible to tune the size of the SF-PCDTBT block by varying
the initial amount of P3HT-Br as stoichiometry is disturbed,
whereby an increasing amount of P3HT-Br lowers the
PCDTBT block length and vice versa.”” The additional
bromine functionality induces an overall stoichiometric
mismatch resulting in reduced MWs of the acceptor-block,>*
whi1e42P3HT segment length can be adjusted easily before-
hand.

7854

To find the most eflicient conditions for P3HT end-capping,
different phosphine ligands and palladium precursors were
tested for BCP synthesis using hex-PCDTBT as model system
(see Table 1, entries 1—7). The resulting BCPs are referred to
as hex-BCPs. The SEC traces of the resulting products are
compared to the P3HT-Br and shown in Figure SI-4
(Supporting Information). All polymerizations with aromatic
phosphines resulted in monomodal SEC traces, while the use of
aliphatic tricyclohexylphosphine (PCy;) in combination with
tris(dibenzylideneacetone)dipalladium (Pd,(dba);) gave bimo-
dal distributions with low MWs. The highest MWs were
obtained using [1,1’-bis(diphenylphosphino)ferrocene]-
dichloro-palladium (Pd(dppf)Cl,) as catalyst, followed by
tetrakis(triphenylphosphine)palladium (Pd(PPh;),) and the
Buchwald ligands SPHOS, XPHOS and brettPHOS® in
combination with Pd,(dba); as palladium source. Pd(PPh;),
gives higher MWs than PPh; in combination with Pd,(dba),,
46.8 kg/mol and 27.1 kg/mol respectively, indicating
insufficient in situ formation of the active catalyst species
from the Pd,(dba), precursor.”® This is in line with Schliiter
who mentioned that Pd(PPh,), needs to be prepared freshly to
obtain efficient catalysts.”* All BCP samples exhibit excellent
solubility in THF or chloroform. Using the unsubstituted TBT
monomer in combination with the optimized conditions for
block copolymer formation results in an H-BCP which is poorly
soluble in chloroform, but processable from 1,2-dichloroben-
zene (Table 1, entry 16).

The success of the BCP synthesis was analyzed by size
exclusion chromatography (SEC) measurements with detection
at three distinctive wavelengths. The detection wavelengths
were chosen at 254 nm, where the absorption of both polymers
is almost equal, at 418 nm, where PCDTBT has a local
absorption minimum while the P3HT absorption is close to its
absorption maximum, and at 580 nm, where P3HT does not
absorb light (Supporting Information, Figure SI-4). Thus, a
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Figure 1. (a) SEC traces of a hex-BCP (entry 8) detected at 254 nm, 418 and 580 nm and of the P3HT-Br macroinitiator; (b) elugrams of hex-BCPs
with different acceptor block lengths detected at 254 nm; (c) SEC traces of SF-BCP (entry 17) detected at 254, 418, and 580 nm; (d) elugrams of

SE-BCPs with different acceptor block lengths detected at 418 nm.

substantial overlap of the eluograms detected at these three
wavelengths indicate minimal P3HT homopolymer contami-
nants. Figure la shows the results of the reaction with
Pd(PPhy), as catalyst (entry 8), indicating successful BCP
formation with negligible side reactions. However, eluogram
intensity at volumes greater than P3HT-Br indicated some
minor PCDTBT homopolymer. Importantly, all other combi-
nations of catalyst precursor and ligand resulted in polymer
mixtures whose SEC traces at 418 nm exhibit low-MW
shoulders indicating P3HT homopolymer residues, which was
confirmed by NMR spectroscopy. The synthetic approach
could in principle lead to additional triblock copolymer
formation, which is challenging to quantify. We assume that
the formation of triblock structures of type P3HT-b-PCDTBT-
b-P3HT is unlikely due to the small molar stoichiometric excess
of bromide functions used (see Table 1).

After identification of Pd(PPh;), as the most efficient
catalyst, control over MW of the hex-PCDTBT segment was
elucidated (see Table 1, entries 7—12; Figure 1b). The mole
(weight) fraction of added P3HT-Br was varied from 5% (20%)
to 17.5% (70%). Upon decreasing the amount of P3HT-Br the
overall molecular weight increased (Figure 1b). The same trend
and the ability to adjust the acceptor block size can be seen for
SE-PCDTBT-b-P3HT. However, for the fluorinated BCP
mixtures a shoulder at lower MWs in the SEC traces, detected
at 418 nm, indicated a small content of P3HT homopolymer
(Figure 1lc,d). 'H NMR end group analysis revealed
debromination as the origin for the observed nonreacted
P3HT homopolymer. Deconvolution of the constituent peaks
in the SEC trace reveals <20 wt % P3HT homopolymer
impurities with respect to the total amount of P3HT.

The successful formation of block copolymers could also be
proved by "H NMR spectroscopy (Figure 2). Figure 2a depicts
the enlarged region of the P3HT-Br backbone signal with
characteristic signals of the bromine and hydrogen terminated
chains.”® Upon copolymerization with SE-TBT and Cbz-
(Bpin),, the signals related to Br-termination disappear and a
similar signal pattern appears in the 7.12—7.18 ppm region
(Figure 2b). Such a shift of this signal pattern was also observed
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Figure 2. '"H NMR spectra (regions) and chemical structures of (a)
P3HT-Br macroinitiator (entry 26) showing the signals of H- (d’) and
Br-termination (b’, circled). b) Signal shift due to formation of the
P3HT-Cbz block junction (b”, circled). The regions of aromatic
protons of SE-PCDTBT (entry 25) and SF-BCP (entry 20) are
depicted in parts ¢ and d, respectively. # marks *C satellite signals.
Solvent: C,D,Cl, at 120 °C.

for structural similar PESTBT-b-P3HT diblock copolymers™®
and is characteristic for uniform substitution of bromine by the
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Figure 3. (a) Steady-state UV—vis absorption spectra of H-PCDTBT (blue), hex-PCDTBT (red), and SF-PCDTBT (black) in the solid state (solid)
and chlorobenzene solution (dashed); (b) UV—vis absorption spectra of hex-BCPs with different acceptor block lengths (entries 7—12, solid), hex-
PCDTBT (dashed, black), and P3HT (dashed, red) in chloroform solution, the arrow displays increasing hex-PCDTBT block length; (c) UV—vis
absorption spectra of SF-BCPs with different acceptor block lengths (entries 20—22, solid), SE-PCDTBT (dashed, black) and P3HT (dashed, red)
in chlorobenzene solution, the arrow displays increasing SF-PCDTBT block length; (d) UV—vis absorption spectra of a hex-BCP and SF-BCP with
comparable donor—acceptor weight composition (entries 10 and 17, solid) and the P3HT-Br macroinitiator (dashed).
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Figure 4. DSC curves of (a) P3HT-Br macroinitiator (entry 26), SE-BCP (entries 20—22), hex-BCP (entry 10), H-BCP (entry 16) and (b) P3HT-
Br macroinitiator (entry 26) and the corresponding blends SF-PCDTBT:P3HT (entry 27), H-PCDTBT:P3HT (entry 28), and hex-
PCDTBT:P3HT (entry 29) scanned at 10 K/min.

first Cbz unit of the SE-PCDTBT block and thus represents the identical, confirming that the butyl spacer electronically
Cbz-P3HT block junction. The signal at 7.12 ppm results from insulates the backbone from the perfluorinated segment.
H-TBT termination of the SE-PCDTBT block. Finally, Figure Owing to better planarization due to less steric hindrance

2d depicts all aromatic protons signals of SE-PCDTBT-b-P3HT caused by solubilizing side chains, the charge-transfer (CT)
(entry 20). Besides the backbone signals of the SF-PCDTBT band of unsubstituted H-PCDTBT is stronger and red-shifted
block (cf. Figure 2c, entry 25), the signal of the P3HT (Figure 3a, blue).”” P3HT exhibits a broad absorption peak at
backbone appears at 7.05 ppm. The copolymer composition 44S nm while hex- and SF-PCDTBT exhibit two absorption
was determined from 'H NMR signal integrals of both blocks. peaks at 369 nm (7—x * transition) and 523 nm (CT band) in

Optical and Thermal Properties of PCDTBT-b-P3HT. solution (Figure 3b,c, dashed lines). Both hex-BCP (Figure 3b)
UV—vis absorption spectra of the block copolymers and of the and SF-BCP (Figure 3c) materials are superpositions of the
individual homopolymers are investigated and compared contributions from P3HT and PCDTBT according to their
qualitatively (Figure 3). The spectra of hex-PCDTBT (Figure weight fractions. In Figure 3d, representative solid state
3a, red) and SF-PCDTBT (Figure 3a, black) are almost absorption profiles of hex-BCP and SF-BCP with comparable
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Table 2. Overview of Physical and Thermal Block Copolymer Characterization®

entry type M,? (GPC, 254 nm) D
7 hex-BCP 26.4 1.75
8 hex-BCP 222 2.51
9 hex-BCP 21.7 1.85
10 hex-BCP 19.4 1.87
11 hex-BCP 18.9 1.97
12 hex-BCP 17.3 1.94
16 H-BCP 20.8 1.72
17 SE-BCP 26.0 1.54
18 SF-BCP 26.6 1.68
19 SE-BCP 29.2 1.68
20 SF-BCP 29.3 2.17
21 SEF-BCP 329 1.82
22 SE-BCP 35.8 1.76
23 hex-PCDTBT 46.9 2.14
24 H-PCDTBT 26.8 3.22
25 SF-PCDTBT 37.1 1.59
26 P3HT-Br MI 14.1 1.07
27 blend P3HT:SE-PCDTBT 30.3 1.93
28 blend P3HT:H-PCDTBT 21.1 2.20
29 blend P3HT:hex-PCDTBT 45.8 1.89

“All BCPs were synthesized using P3HT-Br with M, = 14
“Using AH,, and 33 J/g for a 100% crystalline P3HT sample.”'

wt % P3HT T, [°C] T.[°C] AH,[J/g] AH.[J/g] % abs cryst

20 20S5.3 - 1.6 - 24
32 200.8 - 2.7 - 25
39 204.1 - 33 - 25
46 206.8 - 4.2 - 27
56 209.9 - 6.3 - 34
72 210.3 125.7 8.6 1.9 36
36 218.1 182.4 7.3 7.5 43
46 231.6 183.5 9.5 9.8 62
43 217.3 171.7 8.3 8.6 57
29 233.0 180.3 5.0 49 52
43 2139 179.3 8.8 8.1 62
38 223.8 182.8 7.3 7.1 59
34 2314 184.8 6.4 6.0 57

O - —_ —_ —_ -

0 - - - - -

0 —_ —_ —_ —_ _
100 225.3 196.6 21.0 18.0 64
50 224.1 190.9 104 9.9 64
50 216.5 179.4 9.7 8.2 59
S0 2252 187.8 9.4 6.0 58

k§/ mol; the same P3HT-Br was used in the physical blends. YValues given in kg/mol.

donor—acceptor ratios (Table 1, entries 10 and 17) and the
pristine P3HT block are shown. The peak of the BCP is red-
shifted upon fluorination, from 526 to 531 nm, and the
contribution of the P3HT shoulder at lower energies is more
distinct in the SF-BCP indicating increased P3HT crystallinity
in the fluorinated BCPs compared to the nonfluorinated
analogues.

To further elucidate the phase separation behavior induced
by the SF-PCDTBT segment and to confirm the enhanced
P3HT crystallinity in SF-BCP materials, differential scanning
calorimetry (DSC) was carried out (Figure 4). Both hex- and
SE-PCDTBT copolymers did not show detectable thermal
transitions and are amorphous. The used macroinitiator P3HT-
Br exhibits melting and crystallization temperatures T, and T,
at 225 and 197 °C, respectively, and melting and crystallization
enthalpies AH,, and AH, of 21.0 J/g and 18.0 J/g, respectively
(Figure 4a). AH,, values for a 100% crystalline P3HT sample
have been extrapolated to 37 J/g and 33 J/g based on solid-
state NMR and WAXS measurements, respectively.’”®" Using
33 J/g obtained from temperature-dependent WAXS measure-
ments,”' absolute degrees of crystallinity for all materials
containing P3HT are given in Table 2. All SE-PCDTBT-b-
P3HT samples exhibited melting temperatures between 220
and 230 °C and thus values very similar compared to the
transition of P3HT. Interestingly, the P3HT block in SE-BCPs
recrystallized when cooling at 10 K/min with a AH_ between
4.9 J/g and 9.8 J/g for SF-BCPs containing 29% and 46%
P3HT, respectively. These values could be indicative for a
microphase separated melt from which crystallization can
readily occur. The AH, values indicate that 52—62% of P3HT
in the BCP are crystalline. Considering that the used P3HT-Br
end-capper has a degree of crystallinity of 64%, we conclude
that almost the same amount of P3HT chains can crystallize in
the block copolymer compared to P3HT end-capper. All SF-
BCPs feature a crystallization temperature below 190 °C
indicating that the covalent linking slows down crystallization.
The values for AH. of P3HT in the SF-PCDTBT-b-P3HT
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block copolymers correlate nicely with the weight fraction of
P3HT. The melting temperature T, increases upon increasing
SF-PCDTBT block length (see Table 2, entry 20—22 and
Supporting Information, Figure SI-3). In stark contrast, all hex-
BCPs showed strongly decreased melting points between 200
and 210 °C. P3HT crystallization was not observed in the hex-
BCP analogues under the same conditions, indicating that this
process was possibly hindered due to the presence of a
homogeneous melt. Such a behavior was already observed for
PFS8TBT-b-P3HT and is caused by the presence of the 3-
hexylthiophene motif both in hex-PCDTBT and P3HT, leading
to reduced dissimilarity and a smaller interaction parameter.””
The nonfluorinated hex-BCP samples exhibit much lower
degrees of crystallinity between 24—36%, and the H-BCP
exhibited 43% (entries 7—12 and 16). The thermal transitions
of the BCPs were compared to physical 1:1 blends of P3HT
and SF-, hex- and H-PCDTBT, respectively. In the SF-
PCDTBT blend, the values for T,, and AH,, of P3HT (224 °C
and 10.4 J/g) are almost the same compared to pristine P3HT-
Br (225 °C and 21.0 J/g) (Figure 4a), suggesting that the
crystallizable amount of P3HT is the same in the P3HT-Br
end-capper and in the blend. These values were slightly reduced
in blends with hex-PCDTBT and H-PCDTBT (9.4 J/gand 9.7
J/g respectively, Table 2).

Taken together, from the thermal data, it can be concluded
that the presence of semifluorinated alkyl side chains in contrast
to hexyl side chains greatly enhances incompatibility of the
donor and acceptor segments, which leads to much improved
crystallinities of the P3HT block and concomitant to that, to
better phase separation and purer domains.

Morphological and Photovoltaic Properties of
PCDTBT-b-P3HT. To investigate the microphase behavior of
the novel PCDTBT-b-P3HT materials, AFM was carried out
(Figure S). It can be seen that, after film annealing at 250 °C
with the temperature being chosen based on thermal transitions
of the BCP, no well-defined surface morphology can be found
in all samples. For hex-BCP, the surface morphology is flat and
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Figure S. AFM height images (inset phase image) of hex-BCP (a, d;
entry 9), H-BCP (b, e; entry 16) and SE-BCP (q, f; entry 22); the
AFM image dimensions are 10 gm X 10 ym (top: a, b, ¢) and 1 ym X
1 um (bottom: d, e, f).

featureless (Figure Sa,c), and on the basis of DSC results, it can
be assumed that the BCP segments are well intermixed. The
surface morphology shows significant coarsening in the case of
H-BCP (Figure Sb,d) and more pronounced for SF-BCP
(Figure Sc,f). Contact angle measurements indicate a capping
layer of the SF-PCDTBT segment. The contact angles of a
water droplet on P3HT, SF-PCDTBT and SF-PCDTBT-b-
P3HT were found to be 106°, 121° and 120°, respectively.
Hence, the hydrophobicity of the BCP film surface is
comparable to the neat SF-PCDTBT film surface and
preferential arrangement of the semifluorinated block at the
film—air interface can be deduced. However, given the thermal
data of the BCP materials, it can be assumed that these are
microphase separated and that imaging by surface sensitive
techniques such as AFM does not reveal this information owing
to the presence of a SF-PCDTBT capping layer. This situation
is ideal for photovoltaics, where on the one hand pure domains
are needed to avoid charge trapping and recombination, while
on the other hand surface segregation of the acceptor block is
beneficial in standard device architectures to avoid surface
recombination.

To obtain more detailed structural insights, on both
morphology and crystallinity of the thin films, films of hex-
BCP (entry 9), H-BCP (entry 16), and SF-BCP (entry 22)
were additionally studied by grazing incidence small- and wide-
angle X-ray scattering (GISAXS and GIWAXS, respectively).
The GISAXS and GIWAXS spectra shown in Figure 6 exhibit

prominent Bragg reflections at positions which correspond to
d-spacing and lattice structure of the corresponding thin films,
thus employing a wide g-range where structural properties are
completely investigated. Hex-BCP and H-BCP show a similar
scattering pattern in the GISAXS profile where no indication
for a phase separated structure was found (Figure 6a). Hex-
BCP and H-BCP showed GIWAXS spectra revealing edge-on
orientation of P3HT crystals with a main chain-side chain
separation (100 peak) of 1.7 nm (Figure 6b and c). On the
other hand, the GISAXS pattern of SF-BCP exhibited a broad
signal indicating microphase separation on a length scale of 9.5
nm (Figure 6a, red). While this GISAXS feature is very broad
and the length scale of 9.5 nm is clearly too short for what
could be expected on the basis of a fully extended chain, these
measurements clearly show marked differences of SF-BCP
compared to the nonfluorinated BCPs. Further studies devoted
to effects of block copolymer dispersity and rigid linker will
shine light on this behavior and are ongoing. Additionally and
in strong contrast to the nonfluorinated BCPs, P3HT crystals
are now face-on oriented (Figure 6, parts b and c).

Finally, OPV devices were fabricated from all BCP samples
using the standard device architecture glass/ITO/PE-
DOT:PSS/BCP/Al Representative J—V curves are shown in
Figure 7a and device characteristics are summarized in Table 3.
To investigate the effect of the enhanced phase separation
behavior of the SF-BCP materials induced by semifluoroalkyl
side chains, all active layers were postannealed for 20 min at
250 °C, ie., above the melting temperature T, of the P3HT
segment, and slowly cooled to room temperature. All hex-BCPs
exhibited extremely poor device characteristics with power
conversion efficiencies (PCEs) below 0.003% with an external
quantum efficiency (EQE) below 1% as a result of substantial
intermixing of hex-PCDTBT and P3HT block segments at the
molecular scale. The H-BCP with the unsubstituted H-
PCDTBT segment showed a PCE of 0.37% after postannealing.
However, both these performances were clearly outperformed
by the SF-BCP (entry 22) for which average device efficiencies
of 0.95% were measured (Figure 7a and Table 3). The EQE of
both H-BCP and SF-BCP starts at 670 nm although the
absorption of H-PCDTBT is red-shifted compared to SF-
PCDTBT. While the shoulder at ~610 nm in both EQE curves
indicate significant contribution of P3HT to the photocurrent,
maximum EQE values of the H-BCP device did not exceed 9%.
In contrast, the EQE of SF-BCP reached the best value among
all block copolymers exhibiting 16.5% (Figure 7b), a result that
is fully in line with the J—V characteristics and the scattering
data. For a consistent comparison, however, different block
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Figure 6. (a) 1D GISAXS intensity profiles as a function of the scattering vector g of the three thin films. Corresponding 1D GIWAXS profiles for
(b) in-plane and (c) out-of-plane a-axis of hex-BCP (entry 9, black), H-BCP (entry 16, blue) and SF-BCP (entry 22, red).
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Figure 7. (a) Current—voltage and (b) EQE characteristics of OPV devices with hex-BCP (entry 9, black), H-BCP (entry 16, blue), and SF-BCP

(entry 22, red) as active layer material.

Table 3. Average Device Characteristics of Block Copolymer Solar Cells

sample V.. [V] Joc [mA/cm?] fill factor PCE [%]
hex-BCP (entry 9) 0.14 + 0,03 —0.067 + 0,05 0.28 + 0.09 0.0028 + 0.002
H-BCP (entry 16) 1.12 + 0,08 -133 £ 0,3 0.37 + 0.03 0.55 £ 0.18
SE-BCP (entry 22) 1.08 + 0,02 —195 + 04 0.45 + 0.05 095 + 0.28

copolymer compositions and molecular weights need to be
investigated in detail. Nevertheless, the DSC and GISAXS/
GIWAXS results point out that SF-BCP shows a very strong
tendency to phase separate resulting in a micro phase separated
nanostructure with a preferential P3HT crystal orientation that
is highly beneficial to OPV performance, while both H-BCP
and Hex-BCP analogues suffer from reduced phase separation,
a P3HT crystal orientation not favorable for OPV performance,
and thus drastically lowered PCEs.

B CONCLUSION

We have presented the synthesis and detailed characterization
of a series of novel all-conjugated block copolymers with a
semifluoroalkylated SF-PCDTBT segment as acceptor block
and P3HT as donor block, and have compared their properties
and phase behavior to block copolymer analogues having either
no (H-BCP) or hexyl substituents (hex-BCP) on the TBT unit
in the PCDTBT segment. Crucial to the successful synthesis of
the new semifluoroalkylated TBT monomer is a direct arylation
step instead of traditional reactions which fail in this instance.
DSC measurements indicate almost quantitative recrystalliza-
tion of the P3HT block in SF-BCP. By contrast, P3HT
crystallinity in hex-BCP and H-BCP is drastically lowered
caused by (partial) miscibility between the two segments.
GISAXS and GIWAXS measurements reveal a phase separated
structure for SE-BCP with a spacing of 9.5 nm, while no such
phase separation behavior was found in scattering measure-
ments for hex-BCP and H-BCP. Furthermore, P3HT domains
are face-on oriented in films of SF-BCP and edge-on oriented
in H-BCP and hex-BCP. As a result of the beneficial phase
behavior of SF-PCDTBT-b-P3HT, the performance of OPV
devices is superior compared to hex-BCP and H-BCP.
Additionally, SE-PCDTBT forms a capping layer in thin films
of SE-PCDTBT-b-P3HT at the polymer air interface which is
beneficial for preventing surface recombination in standard
device architectures. This study highlights side chain fluorina-
tion as an efficient strategy to increase the Flory—Huggins
interaction parameter between donor—acceptor all-conjugated
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copolymers to achieve microphase separated structures that are
purer and expected to exhibit sharp domain boundaries. This is
especially important considering the generally small degrees of
polymerization of conjugated polymer segments present in all-
conjugated block copolymers, and their naturally similar
structures arising from the general design principle of a
conjugated backbone and alkyl substituents, both of which
decrease the tendency for microphase separation.
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